Porcine hepatocytes are used in the hybrid artificial liver support system that we are developing because of their high level of liver functions in vitro and because human hepatocytes can not be used in Japan for ethical reasons. Spherical multicellular aggregates or spheroids have been found to be effective in vitro for long-term maintenance of liver functions. Therefore, we formed spherical multicellular aggregates (spheroids) of primary porcine hepatocytes using a polyurethane foam (PUF) as a culture substratum and analyzed their drug metabolic functions in vitro. Primary porcine hepatocytes inoculated into the pores of a flat PUF plate (25 × 25 × 1 mm), spontaneously formed spheroids within the range of 100 to 150 µm in diameter 24 to 36 h after inoculation. The formed spheroids were attached to the bottom surface of the PUF pores, and their morphology and viability were maintained for more than 12 days. The P-450 activity in the spheroids of porcine hepatocytes was demonstrated by detecting production of monoethylglycinexylidide from lidocaine. In addition, the conjugation enzyme activity was demonstrated by detecting glucuronidation and sulfation of acetaminophen. These activities were maintained for 12 days at a level twice as high as in the monolayer culture. This result shows that the porcine hepatocyte spheroids formed by using PUF can maintain the drug metabolic functions important in a hybrid artificial liver device. Consequently, culturing porcine hepatocyte spheroids using PUF seems to be promising for development of a hybrid artificial liver.
Introduction
A hybrid artificial liver support system composed of a hepatocyte culture module and an extracorporeal circulation system has been developed as a potential bridge to liver transplantation and an effective treatment for fulminant hepatic failure in humans. Two important considerations of the hybrid artificial liver are the level and length of time the hepatocytes can express their liver-specific functions. Many methods for maintaining high level functions of cultured hepatocytes have been investigated, including the use of extracellular matrix components (Dunn et al., 1992; Berthiaume et al., 1996) and co-culturing with liver-derived nonparenchymal cells (Guguen et al., 1983) . Recently, much attention has been focused on spherical multicellular aggregates (spheroids) that have assembled from dispersed hepatocytes. Many researchers have reported various techniques to form hepatocyte spheroids. Several of these methods use a dish coated with an extracellular matrix protein such as proteoglycan (Koide et al., 1989 (Koide et al., , 1990 , poly-(2-hydroxyethyl methacrylate) (Landry et al., 1985; Tong et al., 1992) , poly-N-isopropyl acrylamide (Takezawa et al., 1992) or Eudragit S100 (Kamihira et al., 1997) , as a culture substratum. In addition, agitated tank systems have also been implemented (Sakai et al., 1992) . Hepatocytes in spheroids can maintain higher levels of liver-specific functions than dispersed hepatocyte culture, presumably due to cell-cell interactions.
We reported that primary rat hepatocytes spontaneously formed spheroids 100 to 150 µm in diameter in the pores of polyurethane foam (PUF). The PUF has a sponge-like macroporous structure with each pore made up of smooth thin films (average pore size: about 300 µm). Rat hepatocyte spheroids can maintain liver specific functions, such as albumin secretion and urea synthesis, for at least one month (Matsushita et al., 1991; Ijima et al., 1992) . Furthermore, the hepatocyte spheroids are immobilized at the bottom surface of PUF pores, a very advantageous culture methods. A high cell density of more than 1.0 × 10 7 cells cm −3 -PUF can be achieved. Therefore we have been developing an artificial liver employing a PUF packed-bed module housing rat hepatocyte spheroids. The effectiveness of this device was demonstrated by testing it on rats with liver failure (Matsushita et al., 1995) .
Primary porcine hepatocytes are attractive as a biological component of a hybrid artificial liver for human application because pigs are thought to have a physiology similar to that of humans. Some studies have used devices containing porcine hepatocytes as a bridge for liver transplantation in patients (Chen et al., 1996; Gerlach 1997) .
This paper reports the results of the formation of porcine hepatocyte spheroids using PUF as a culture substratum. Also, drug metabolic functions are demonstrated by measuring the phase I activity of lidocaine and the phase II activity of acetaminophen. Efficient formation of porcine hepatocyte spheroids and high drug metabolism are necessary to justify their use in a human artificial liver.
Materials and methods

Materials
Unless otherwise noted, all chemical and cell culture reagents were purchased from Sigma Chemical Co., St. Louis, U.S.A.. Lidocaine and acetaminophen as marker drugs were purchased from Nakarai Tesque, Japan. A polystyrene dish of 35 mm in diameter and a Type I-collagen-coated dish of 35 mm in diameter manufactured by Iwaki, Japan, were used to culture PUF/spheroids and monolayers, respectively.
The culture medium was a hormone-defined medium (HDM) comprised of williams'E medium supplemented with 7.23 mg l −1 insulin, 25 µg l −1 epidermal growth factor (EGF) (Funakoshi, Japan), 0.1 µM CuSO 4 ·5H 2 O, 3 nM H 2 SeO 3 , 50 pM ZnSO 4 ·7H 2 O, 50 µg l −1 linoleic acid, 20 µg l −1 liver growth factor, 1 µM dexamethasone, 6.25 mg l −1 transferrin, 500 mg l −1 albumin, 4 µg l −1 glucagon, 50 mg l −1 gentamycin and 50 mg l −1 chloramphenicol (Lazar et al., 1995) .
The PUF was kindly donated by INOAC Co. Ltd., Japan. A flat PUF plate (25 × 25 × 1 mm) was cut from a large PUF block, washed several times in distilled water, and then autoclaved for sterilization. Before use, it was washed again with williams'E medium and soaked in HDM before inoculation.
Preparation of porcine hepatocytes
Porcine hepatocytes were isolated from domestic pigs 5 to 6 weeks old weighting approximately 10 kg (Kyudo, Japan) by liver perfusion (Seglen, 1976; Gerlach et al., 1994) . Briefly, a liver obtained from a pig was perfused with 0.1% collagenase type IV at a flow rate of 200 to 800 ml min −1 for about 20 min, and the hepatocytes were dispersed from the liver. The dispersed hepatocytes were filtered through a 106 µm stainless steel mesh and were washed with fresh williams'E medium. The hepatocytes were resuspended in fresh HDM and were inoculated into the PUF. The average number of cells in three experiments was (1.5±0.3) × 10 10 cells, and the average cell viability was more than 85% measured by trypan blue exclusion.
Monolayer culture and PUF/spheroid culture of porcine hepatocytes
To prepare the monolayer culture, a porcine hepatocyte suspension at cell density 2.5 × 10 5 cells ml −1 in HDM was inoculated into a Type I-collagen-coated dish at 2 ml per dish. The medium was changed 4 h after inoculation and thereafter at 2-day intervals.
For PUF/spheroid culture, 2 ml of suspension at cell density 1.0 × 10 6 cells ml −1 in HDM was inoculated into a flat PUF plate (25 × 25 × 1 mm) in a polystyrene dish. Four hours after inoculation, the PUF plates were transferred to another dish containing 2 ml fresh medium to remove the hepatocytes that had not attached. By using this procedure, about 25% of the inoculated hepatocytes were immobilized in the pores of PUF plate. Thereafter, cultured HDM was replaced with the equivalent fresh medium at 2-day intervals.
Both monolayer and PUF/spheroid cultures were cultivated in a humidified atmosphere of 5% CO 2 and 95% air at 37 • C.
Measurement of viable cells
To evaluate a time course of viable cells in both cultures, we used the MTT method (Mosmann, 1983) . Briefly, 0.5 ml of MTT solution, which was dissolved with PBS buffer at 5 mg ml −1 , was added to each dish containing cultured hepatocytes and 2 ml of medium. After 12 h of incubation, MTT formazan converted from MTT by mitochondria in the hepatocytes was extracted by 3 ml of 0.04 N HCl-isopropanol. The difference in absorbance between 560 and 690 nm of the extracted samples was measured by a spectrophotometer (HITACHI U-2000, Japan).
Calibration curves of viable cells and absorbance were constructed by measuring isolated hepatocytes in the range from 1.0 × 10 4 to 1.0 × 10 6 viable cells.
Lidocaine and acetaminophen metabolism
To evaluate phase I (P-450) and phase II (conjugation enzyme) activities of drug metabolism, the HDM in both cultures was removed and replaced with 2 ml of fresh HDM containing 58.5 µg ml −1 (0.25 mM) lidocaine or 151 µg ml −1 (1.0 mM) acetaminophen. Drug metabolic reactions were carried out every 4 days on a rotary shaker at 45 rpm for 24 h in a humidified atmosphere of 5% CO 2 and 95% air at 37 • C.
Lidocaine and its metabolite, monoethylglycinexylidide (MEGX), were extracted from the spent medium and the cells using 2 ml toluene and then were analyzed using gas chromatography/mass spectrometry (GC/MS, Hewlett Packard 5890, U.S.A.) according to the procedure described previously (Nakazawa et al., 1997) . Acetaminophen and its glucuronidated and sulfated metabolites were extracted from the spent medium and the cells using 2 ml ethanol and then were analyzed using high performance liquid chromatography (HPLC, Hitachi L-6000, Japan) according to the procedure of Peter (1978) .
The lidocaine and acetaminophen metabolic rates were normalized by viable cell numbers obtained by the MTT method. The results are the mean ± standard deviation (SD) of three experiments.
In preliminary experiments, it was confirmed that lidocaine and acetaminophen were not converted to metabolites in the cultures without hepatocytes and that these marker drugs could be recovered completely from HDM by the extraction procedures described above.
Results
Morphology of porcine hepatocytes
Porcine hepatocytes inoculated onto the Type Icollagen-coated dish spread within 4 h, and then formed a monolayer (Figure 1a) . The monolayer morphology was maintained through 12 days of culture.
However, the porcine hepatocytes inoculated into the flat PUF plate attached to the internal surface of PUF pores, and most of inoculated hepatocytes began to aggregate within 4 h (Figure 1b) . The hepatocytes gathered spontaneously and made loose cell aggregates in the PUF pores within 12 to 24 h (Figure 1c) . Furthermore, the cells rearranged and compacted, and multicellular spheroids 100 to 150 µm in diameter formed in the PUF pores after 24 to 36 h of inoculation (Figure 1d) .
Most of the hepatocytes attached to the bottom surface of PUF pores formed spheroids. A stable spheroid morphology was maintained for at least 12 days. Figure 2 shows the time courses of viable cells in both cultures. By using the MTT method, the viable cell numbers in the monolayer culture and the PUF/spheroid culture were maintained at about 2.5 × 10 5 cells/dish and 3.3 × 10 5 cells/dish, respectively, throughout 12 days of culture.
Time courses of viable cells in monolayer and PUF/spheroid culture
Lidocaine metabolism
The cytochrome P-450 activities of porcine hepatocytes in both cultures were evaluated by lidocaine metabolism. The biotransformation of lidocaine to MEGX by N-deethylation was identified by the mass fragment pattern of GC/MS. Figure 3 shows the time course of lidocaine disappearance rates in both cultures. In the monolayer culture, the initial lidocaine disappearance rate was about 38 µg/10 5 viable cells/day and then gradually decreased. After 8 days of culture, the rate decreased to about 8 µg/10 5 viable cells/day.
In the PUF/spheroid culture, the lidocaine concentration decreased from 250 µM to below 5 µM within 24 h at the first and fourth days of culture. The initial lidocaine disappearance rate, about 32 µg/10 5 viable cells/day, was slightly low compared with monolayer hepatocytes, but it was maintained until 4 days of culture. At that time the rate gradually decreased and was about 18 µg/10 5 viable cells/day at 12 days of culture. However, the activity in the spheroid culture was maintained at about twice the level of that in the monolayer culture for at least 12 days.
MEGX was formed in both cultures, but its quantity was very low (less than 1 µg). Furthermore, the MEGX appearance rates in both cultures were not markedly different between the cultures through 12 days.
Acetaminophen metabolism
The glucuronide and sulfate conjugational activities of porcine hepatocytes in both cultures were evaluated by acetaminophen metabolism. Glucuronidation and sulfation of acetaminophen were identified by the retention time of HPLC analysis as in the study by Peter (1978) . Figure 4 shows the time course of acetaminophen disappearance rates in both cultures. In the monolayer culture, the initial acetaminophen disappearance rate of porcine hepatocytes was about 4.7 µg/10 5 viable cells/day and then dramatically decreased. After 4 days of culture, the rate was about 0.5 µg/10 5 viable cells/day. However, in the PUF/spheroid culture, the initial acetaminophen disappearance rate was about 5.7 µg/10 5 viable cells/day, and the activity was remained constant for 4 days of culture. After this, although the rate gradually decreased, it was maintained at about 2 µg/10 5 viable cells/day after 8 days of culture. Similar to the result of lidocaine metabolism, the acetaminophen disappearance activity in the spheroid culture was also maintained at about twice as high as that in the monolayer culture for at least 12 days.
An appearance ratio of acetaminophen glucuronide and sulfate (AG:AS) in both cultures was about 1:9 through 12 days. The sulfate conjugational activity of acetaminophen in porcine hepatocytes was higher than the glucuronide conjugational activity.
Discussion
Primary porcine hepatocytes are significant biological components in hybrid artificial liver devices developed for clinical applications (Komlot et al., 1995; Naruse et al., 1996; Hu et al., 1997) . Therefor, because porcine hepatocyte spheroids show improved cell viability and enhanced liver specific functions, they have attracted attention for future clinical uses.
In this paper, we demonstrated spheroid formation of porcine hepatocytes using PUF as a culture substratum. Porcine hepatocyte spheroid formation using an agitated tank has also been reported Lazar et al., 1995) . Although the mechanism of spheroid formation in the pores of PUF is not yet clear, the mechanisms of spheroid formation using PUF or an agitated tank may be different. Spheroid formation using PUF is spontaneous, but spheroid formation in an agitated tank requires stirring. We confirmed a proteoglycan accumulation on the internal surface of PUF (data not shown). Therefore, we speculate that the cellular affinity for PUF and extracellular matrices (proteoglycan, etc.) may affect spheroid formation.
Maintenance of viable cells requires good mass transfer to supply oxygen and nutrients and remove metabolic wastes. Therefore, the diameter of the spheroid is important because the mass transfer in the center of a spheroid is limited by diffusion. In the spheroid culture using PUF, the diameter is controlled by the inoculation cell density . In this study, the diameter of the spheroids in the pores of PUF was kept within 100 to 150 µm, and cell viability remained constant for at least 12 days. Spheroids as large as 150 µm in diameter are not necrotic when formed in PUF. Furthermore, the dispersed porcine hepatocytes rapidly formed spheroids in PUF pores within about 24 h, indicating that a hybrid artificial liver using PUF/spheroid culture can be prepared in about 24 h for use.
In the recent studies of hepatocyte culture, lidocaine metabolism has become recognized as a phase I (oxidation, reduction, etc.) activity of drug metabolism (Nyberg et al., 1977; Sielaff et al., 1995) . Lidocaine is converted by multiple cytochrome P-450 isoenzymes (Bargetzi et al., 1989) in the endoplasmic reticulum of hepatocytes. The appearance of the lidocaine metabolite, MEGX, also indicated the role of P-450 activity (Oellerich et al., 1987) . Primary hepatocytes in a monolayer culture lose P-450 activity within a few days of culture (Bader et al., 1992) . Loss of monolayer activity was also shown in this study (Figure 3) . In contrast, the P-450 activity in the PUF/spheroid culture was twice as high as that in the monolayer culture for at least 12 days, indicating that a PUF/spheroid culture can maintain stable P-450 activity. Presumably the three-dimensional structure of spheroid may be able to keep the functions of the endoplasmic reticulum in hepatocytes. However, the MEGX appearance was very low in this study, probably because the MEGX was rapidly converted to other compounds and/or the MEGX was insufficiently recovered from the sample in our extraction procedure. Lazar et al. (1995) reported that the lidocaine disappearance rate in porcine hepatocyte spheroids was about 2.8 µg/10 5 cells/day, but the rate in our study was about 25 µg/10 5 cells/day, which was about 10 times higher than in Lazar's study. This difference may be due to the difference in the initial lidocaine concentration (58.5 µg ml −1 in our study compared to 12.0 µg ml −1 in Lazar's study) since the activity of drug metabolism depends on drug concentration. Although evaluating the same lidocaine concentrations is necessary to clearly compare the spheroid cultures, this result suggests that the lidocaine metabolic activity of the PUF/spheroid culture is similar to spheroids formed in an agitated tank.
Acetaminophen was used to evaluate phase II (conjugation) drug metabolism. The biotransformation of acetaminophen by conjugation to glucuronide and sulfate required conjugational enzymes, such as glucuronosyltransferase and sulfotransferase in hepatocytes (Studenberg et al., 1991) . In this study, we demonstrated that the acetaminophen disappearance activity in the PUF/spheroid culture was maintained longer than that in the monolayer culture for at least 12 days, suggesting that spheroid morphology can maintain a stable conjugational enzyme activity. Furthermore, because the appearance ratios of glucuronide and sulfate in both cultures were constant during the culture period, we consider that the drug metabolic pathway in porcine hepatocytes does not change in both cultures.
In summary, primary porcine hepatocytes formed spheroids in the pores of PUF as a culture substratum, and their drug phase I and phase II metabolic activities were maintained at about twice as high as a hepatocyte monolayer for at least 12 days. Although other functions in hepatocyte spheroids must be evaluated, PUF/porcine hepatocyte spheroid culture seems to be promising to develop a hybrid artificial liver for a short-term use.
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